In the study, hair colouring by utilising enzymatic oxidation of nine species of bio-catechols, which are biobased materials having the catechol (o-dihydroxybenzene) group, was examined. The bio-catechols used are (+)-catechin (Cat), (-)-epicatechin (EC), L-3,4-dihydroxyphenylalanine (DOPA), hematoxylin (HX), brazilin (BZ), rosmarinic acid (RA), caffeic acid (CA), chlorogenic acid (ChA) or ellagic acid (EA). The dyeability of human white hair samples dyed by two kinds of dyeing methods using the bio-catechols was compared. First one is dyeing hair during the enzymatic oxidation of a bio-catechol dye precursor in a dye solution (simultaneous oxidation dyeing method). Second one is dyeing hair by oxidising enzymatically the precursor on hair, which is pre-treated with a bio-catechol solution (post-oxidation dyeing method). The results show that the bio-catechols except EA are oxidised to give colourants and Cat, EC, DOPA, HX and BZ are available for hair dyeing. Overall, the dyeability of simultaneous oxidation dyeing method is higher than that of post-oxidation one. The colour of the hair dyed by simultaneous method is yellowish brown for Cat or EC, grey for DOPA, dark yellowish brown for HX or reddish brown for BZ, respectively. The most vivid or deepest colour of dyed hair is obtained by dyeing with Cat or HX, respectively, in the simultaneous technique. It was found that the bio-catechols having chroman (3, 4-dihydro-2H-1-benzopyran) structure in the molecule such as Cat, EC, HX and BZ are useful for hair colouring.
Introduction
The oxidation dyes for hair dyeing involve risk and give rise to some symptoms according to the circumstances [1] [2] . Therefore, a safer hair dyeing technique is desired to be invented. The safer hair colouring by using biobased materials has been studied by the authors and the catechinone dyes obtained from (+)-catechin were found to be applicable to dye human hair [3] . The (+)-catechin is enzymatically or chemically oxidised to form catechinone, which works as a hair dyestuff and dyes hair yellow, orange and reddish brown without skin irritation [3] [4] . The resulting colour of hair and the dyeability depend on dyeing conditions such as the dyestuff concentration, temperature, pH and the sorts of additives [4] . Especially, the obtained colour differs between types of oxidation methods for (+)-catechin. The enzymatically-produced catechinone dyes hair more vivid yellowish brown and chemically-produced catechinone colours hair deeper reddish brown. The colour fastness of the hair dyed with catechinone to washing and light is high enough in practical use [3] [4] .
There are four kinds of techniques to dye hair by utilising oxidation of (+)-catechin [5] . They are as follows: 1) Redissolution Dyeing Method: dyeing hair in the dye solution containing the catechinone redissolved, which is preliminarily obtained by the enzymatic oxidation of (+)-catechin; 2) Sequential Dyeing Method: dyeing hair in the dye solution just after the catechinone being formed by the enzymatic reaction; 3) Simultaneous Oxidation Dyeing Method: dyeing hair in solution containing (+)-catechin and the dyeing process is accompanied by the enzymatic oxidation; 4) Post-Oxidation Dyeing Method: hair is immersed into (+)-catechin solution at the first step and then the hair is treated in another solution containing the enzyme at the second step. The obtained colour of hair dyed with (+)-catechin by the simultaneous enzymatic oxidation dyeing method is deeper than that by the other methods. The hair dyed enzymatically by the post-oxidation dyeing method shows reddish brown. The catechol (o-dihydroxybenzene) group of (+)-catechin is chiefly oxidised to give a chromophore. The oxidation of it plays a vital role in forming the dyestuff and dyeing hair. It is, therefore, expected that biobased materials having the catechol group can work as the dye precursor for hair dyeing. The acquisition of colour variation is also anticipated by using other various biocatechol materials.
Thereupon, the bio-catechols, such as (−)-epicatechin, L-3,4-dihydroxyphenylalanine, hematoxylin, brazilin, rosmarinic acid, caffeic acid, chlorogenic acid and ellagic acid were used to dye hair by the enzymatic simultaneous oxidation dyeing or post-oxidation dyeing techniques in this study. Their dyeability was estimated comparing with that of (+)-catechin and the differences in the dyeability were discussed. The relationships between the species of bio-catechols and the dyeability in hair colouring were studied to understand the characteristics of their chemical structure. 
Experimental

Hair Dyeing
Dyeing hair was made by each the procedure as follows: ) was preliminarily introduced at 30˚C for over 20 min. The dyebath was shaken at 100 strokes per minute at 30˚C for 40 min with O 2 gas introduced.
2) Post-Oxidation Dyeing Method
After hair was treated in each of the 10 mM dye precursor solution at 30˚C for 40 min, it was dyed in 70 U ml −1 tyrosinase solution at pH = 7.0 at 30˚C for 40 min with O 2 gas introduced. The treatment and dyeing were carried out with the solution shaken at 100 strokes per minute.
The dyed hair was washed with 100 ml of 0.8 wt% sodium dodecyloxypolyoxyethylene sulphate aqueous solution and rinsed twice with 200 ml of distilled water at 35˚C. The washing and rinsing were carried out with the solution shaken at 100 strokes per minute. The hair was air-dried at room temperature.
Measurements
The colour of hair was measured by a Konica Minolta CM-2600d spectrocol- 
. The colour difference (ΔE*) between the dyed hair and undyed hair was calculated as
, where L*, a*, b* are the values for the dyed hair and L* 0 , a* 0 , b* 0 for the undyed hair [6] [7] .
The measurements of the ultraviolet-visible (UV-Vis) light absorption spectra for the pigment aqueous solutions were made by a Hitachi U-3900H spectrophotometer at 25˚C. The reaction solution was sampled at several time intervals and diluted by 0.1 M phosphate buffer solution (pH = 7.0) with a dilution ratio (f ). The absorbance (A) was normalised to obtain the f ·A values for comparison. The f ·A value is the quantity that relates to the concentration of pigment formed in the reaction solution.
Results and Discussion
Oxidation of Bio-Catechols and Obtained Pigments
First, the pigment formation behaviour from the eight kinds of bio-catechols in addition to (+)-catechin was confirmed by oxidising them enzymatically in aqueous solution. This was a preliminary study to know their applicability as dyestuff precursors. The results show that pigments are formed from eight biocatechols except EA. The colours of the formed pigments are different and de-pend on the sort of the pigment precursors as described hereinafter. The solubility of EA in water is too low (less than 0.2 mM) and the pigment formation is poor. Consequently, EA is not able to be used as a dyestuff precursor for hair colouring. The pigment formation behaviours of the other precursors were observed by the UV-Vis absorption spectroscopy.
The colour of Cat and EC solution turns deeper red with time by the enzymatic oxidation. Figure 2 shows the normalised A, (as f ·A), spectra calculated from A values for the Cat and EC solution before the oxidation reaction and at 40 min of the reaction time. The absorption signal peak appears at 435 nm when the enzymatic reaction proceeds. The signal is due to the o-benzoquinone form of the pigment (catechinone) as shown in Figure 3 Enzymatic oxidation treatment changes the colour of DOPA solution from colourless to yellow, red and black, in this sequence. Figure 4 shows the timecourse of the f ·A spectra of DOPA solution. DOPA is a precursor for the insoluble black melanin pigment, which is contained in black hair and the structure is 
Hair Dyeing by the Bio-Catechol Oxidation Technique
The dyeability of human hair using Cat, EC, DOPA, HX, BZ, RA, CA and ChA were investigated, from which pigments are obtained by enzymatic oxidation reaction. The dyestuff precursors were oxidised here also enzymatically and hair was treated by the (1) simultaneous oxidation dyeing method or (2) post-oxidation dyeing method at 30˚C and pH = 7.0. Figure 9 and Figure 10 discussed before at §3.1. Such the chemical structures play a key role for dyeing hair. The result that while DOPA is similar in the whole chemical structure to caffeic acid, the hair dyeabilities are different, is interesting. Here, the difference in the structures such as with or without the amino group and double bond is essential. It is suggested that the differences of the dyeability between the above five kinds of bio-catechols and the other precursors and also between the dyeing methods may be caused by the differences in their oxidation reactivity, the light absorbability of the formed dyestuffs, the dyestuff compositions, their adsorption behaviour onto hair and so on.
Conclusion
Hair is dyed by utilising enzymatic oxidation of bio-catechols, (+)-catechin, This study was financially supported partly by the Japan Society for the Promo- 
